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Cubic phase of ZnS nanocrystals, having particle size of 1.1–1.5 nm, is synthesized by the chemical
co-precipitation method with different pH (4–12) of the reaction mixture. The nanostructures are
characterized by using X-ray diffraction (XRD), transmission electron microscopy (TEM), and UV–Visible
spectrophotometry. As-synthesized ZnS samples are annealed for 2 h at different temperatures (Tc),
determined from the differential scanning calorimetry (DSC) study. The phase-transformation (25%)
from cubic to hexagonal phase of ZnS has been observed at very low temperatures at 250 C. Enhanced
photoluminescence (PL) emissions are observed in the annealed samples as well as in the samples
synthesized with higher pH values.
 2012 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
The luminescent semiconductor nanomaterials have been
extensively studied in recent years because of their potential appli-
cations in optoelectronic devices, light emitters, solar cells, etc. [1–
15]. Due to the ‘quantum conﬁnement effects’, optical and elec-
tronic properties of semiconductor nanocrystals (NCs) are different
than that of bulk materials [4,5]. Among all other II–VI semicon-
ductor NCs, ZnS has drawn so much interest because of its variety
of attractive luminescent properties. ZnS has a well known wide
direct band gap (3.68 eV at room temperature) with a large exciton
binding energy (40 meV) [6].
ZnS has two commonly available phases: one with a zinc blende
(ZB) structure and another one with a wurtzite (WZ) structure. The
WZ phase has a higher bandgap of 3.77 eV while the same for ZB
structure is 3.68 eV [11,12]. The cubic phase is the stable
low-temperature phase, while the WZ phase is the high-tempera-
ture polymorph and can be formed at a temperature higher than
1020 C in bulk ZnS [13]. There are various reports of phase trans-
formation of ZnS NCs from its ZB to WZ phase by annealing
[12–17]. Qadri et al. [13] have found that ZnS NCs having particle
size of 2.7 nm started converting into the WZ phase at 400 C tem-
perature. They have reported conversion of 28% of ZB phase into
WZ phase at 400 C temperature. Dinsmore et al. [14] reported
the formation of the high-temperature WZ phase of ZnS after
annealing at 400–525 C temperature in vacuum. Son et al. [15]: +91 343 2547375.
p.ac.in, nitdgpkumbhakar@
-NC-ND license.observed no phase transition in ZnS:Mn NCs even after annealing
at 450 C. Motlan et al. [16] have also reported no phase transition
of their prepared ZnS NCs after annealing. Previously, Tiwari et al.
[17] have reported the transformation of ZB phase of ZnS to its WZ
phase at a temperature of 400 C [11,13–17].
However, in this report, a simple chemical co-precipitation
method is used to synthesize the ZB phase of ZnS NCs with differ-
ent pH values of the reaction mixture. The radii of the synthesized
ZnS NCs lie in 1.1–1.5 nm range and it is found that with increasing
pH value, the average particle radii of the synthesized NCs are in-
creased. All as-prepared ZnS NCs are annealed for 2 h at different
crystallization temperatures as obtained from DSC study, and then
cooled down (furnace cooling) to room temperature and noted a
phase-transformation from ZB to WZ phase of ZnS at the annealing
temperature of 250 C which is much lower than that of bulk ZnS.
Photoluminescence (PL) emission characteristics of all the an-
nealed as well as un-annealed samples are measured and it is
found that all the samples exhibit PL emission in the visible region.
The peak values of PL emission intensity of both annealed as well
as un-annealed samples are enhanced with the increasing value
of pH and also annealed samples exhibit enhanced PL emission
compared to that of the corresponding un-annealed sample.2. Experiment
ZnS NCs are synthesized at RT in methanol medium by the sim-
ple chemical co-precipitation method, which is described below.
All the chemicals used are of AR grade (Merck and SD ﬁne chemi-
cals, Mumbai) and they are used without further puriﬁcation.
Fig. 1. UV–Visible absorption characteristics of the prepared ZnS NCs dispersed in
methanol.
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and stirred continuously in a magnetic stirrer. After 20 min contin-
uous stirring of the zinc nitrate solution, saturated sodium sul-
phide solution prepared in methanol is added drop-wise up to
the desired pH value of the mixture. The pH values are measured
in a digital pH meter. Four different samples have been prepared
henceforth will be called as S1, S2, S3, and S4 corresponding to
the ﬁnal pH values of the mixture as pH-4, pH-8, pH-10, and pH-
12, respectively. After 1 h continuous stirring of the mixture, a
white precipitate is deposited at the bottom of the ﬂask. The pre-
cipitate is separated from the reaction mixture by centrifugation
(Eltek Refrigerated Centrifuge RC4100D) for 10 min at 5000 rpm
and washed several times with distilled water and methanol to re-
move the remaining sodium particles, if any. The wet precipitate is
then dried in air for further measurements.
The optical absorption spectra of the prepared ZnS NCs dis-
persed in methanol are recorded using a UV–Visible spectropho-
tometer (Hitachi, U-3010). The XRD pattern are recorded using
an X-ray diffractometer (PANLYTICAL) with Cu Ka radiation of
wavelength k = 0.15406 nm in the scan range 2h = 23–75. The
PL emission spectra of the ZnS NCs dispersed in methanol are re-
corded at RT using a spectroﬂuorimeter (Perkin Elmer LS-55). For
DSC analysis, we have used a high-resolution Mettler-ToledoFig. 2. (a) Calculation of bandgap from the UV–Visible absorption spectra of all the samp
mixtures.differential scanning calorimeter (DSC 822e) with a heating rate
of 10 K s1. The formation of NCs is conﬁrmed by TEMmicrographs
taken in (JEOL 2000 FX 11) TEM.
3. Results and discussion
UV–Visible absorption spectroscopy is a useful technique to
monitor the optical properties ofNCsdue to the size dependent opti-
cal absorption spectra. UV–Visible absorption spectra, shown in
Fig. 1, are taken at the same concentration of different samples by
dispersing the powdered samples in methanol and then taken in a
quartz cuvette of 10 mm path length (d). To obtain the UV–Visible
absorption spectra of the NCs, at ﬁrst transmittance (T) at different
wavelengths (k) is measured and then absorbance (a) at the corre-
spondingwavelengths is calculated by using the Beer–Lambert rela-
tion, i.e., a = ln(T)/d.
It can be seen from Fig. 1 that the absorption onset wavelength
of the NCs is blue shifted from 334 nm, the absorption onset of the
bulk ZnS and this has happened because of the ‘quantum conﬁne-
ment effect’. The band gap Enanog of the synthesized semiconductor
NCs can be calculated from the absorption coefﬁcient a by using
the Tauc relation [18], (ahm)2 = A (hm Enanog ),
where, A is a constant which depends on the type of the semi-
conductor. By extrapolating the straight line portion of (ahm)2 vs.
hm graph to the hm axis, the band gap values of the NCs are deter-
mined and it is shown in Fig. 2(a). The calculated values of band
gaps are presented in Table 1. The calculated band gap values of
all the samples are higher than that of the bulk ZnS. Due to conﬁne-
ment of electrons and holes, the lowest energy optical transition
from the valence to conduction band will increase in energy, effec-
tively increasing the bandgap. Using the model based on the con-
ﬁnement of electrons and holes [4,8], the radius r (nm) of ZnS
NCs can be related to its bandgap Enanog (eV) as,
r ¼
1:656
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Enanog  3:67
q
 0:1481
ðEnanog  3:68Þ
ð1Þ
The calculated values of the radius of the prepared NCs by using Eq.
(1) are summarized in Table 1. From Table 1 and Fig. 2(b) it is found
that with increasing pH of the growth solution the radius of the NCs
increases slightly. A similar observation has been reported earlier in
case of CdS nanoparticles with varying pH of the growth solution
[19].
Fig. 3 shows the XRD pattern of the as-prepared NCs measured
in the scan range 23–75. Three diffraction peaks appeared with
2h values of 28.51, 47.61, 56.46 corresponding to the (111),les and (b) Shows the variation of particle size and bandgap with pH of the reaction
Table 1
Calculated band gap and particle size (radius) of synthesized ZnS NCs.
Sample name Band Gap (eV) Particle size (nm) from
UV–Vis abs. study
Particle size (nm)
from XRD
S1 5.6 1.1 1.2
S2 5.5 1.2 1.3
S3 5.2 1.4 1.4
S4 4.9 1.5 1.5
Fig. 3. X-ray diffraction (XRD) pattern of the un-annealed samples. All the curves
have been rescaled to plot together.
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matching with JCPDF 80-0020. The XRD peaks are broadened due
to nanocrystalline nature of the synthesized samples. In order to
check whether lattice imperfections are present in our synthesized
samples, we have calculated the strain from the XRD pattern. Wil-
liamson-Hall proposed that the observed diffraction line broaden-
ing is due to crystallite size and strain contribution and can be
written as [20], bhkl = bd + be, where bd is crystallite size broaden-
ing, be is strain-induced broadening, and bhkl is the full width at
half maximum (FWHM) of instrumental corrected broadening.
Crystallite size contribution is calculated from the Debye–Scherer
equation [21],Fig. 4. (a) Williamson-Hall plot for the un-annealed ZnS samples. Symbols are experimen
Shows the variation of strain with increasing pH, here the solid line represents the linebd ¼ 0:94k=D cos h ð2Þ
where D is the average particle size, k is the X-ray wavelength
(Cu Ka in this case), and h is the diffraction angle of the concerned
diffraction peak. Similarly, strain broadening is calculated by,
be = 4etanh, where ‘e’ is the root mean square value of the micro-
strain. Therefore, the line broadening is a combination of crystallite
size and strain and is represented by the Williamson-Hall equation
[20],
bhkl ¼ bd þ be ¼ ð0:94k=D cos hÞ þ 4e tan h;
i:e:bhkl cos h ¼ ð0:94k=DÞ þ 4e sin h:
ð3Þ
Plotting the value of bhkl cosh as a function of 4sinh as shown in
Fig. 4(a), the micro-strain e may be estimated from the slope of
the line and the crystallite size from the intersection with the ver-
tical axis. The strains of as prepared ZnS NCs are found to be
0.0158, 0.0144, 0.007, and 0.003 for S1, S2, S3, and S4 sam-
ples, respectively. Here negative micro-strain indicates compressive
strain present in the synthesized ZnS NCs. The lattice parameter of
ZB phase of ZnS is calculated by using the following relation [21],
1
d2hkl
¼ h
2 þ k2 þ l2
a2
; ð4Þ
where ‘a’ is lattice parameter, dhkl is the interplanar spacing corre-
sponding to (hkl). The calculated average value of lattice parameter
for prepared ZnS NCs is 0.5386 nm which is smaller than the re-
ported value of a = 0.5403 nm for bulk ZnS. Compressive strain indi-
cated above is a result of the reduced lattice parameter of the
crystals. With increasing pH values, the amount of compressive
strain decreases as can be seen in Fig. 4(b). The decrease in com-
pressive strain may be due to the reduction in the lattice imperfec-
tion and the presence of defects and vacancies. Similar results were
reported earlier in ZnS-coated polystyrene core-shell particles [22].
The particle sizes obtained at zero strain are also listed in Table 1
and it is found that the calculated particle size from XRD data agrees
well with those values which are calculated from optical absorption
characteristics.
A representative transmission electron microscope (TEM) image
of sample S1 is shown in Fig. 5(a). The inset of Fig. 5(a) shows the
selected area electron diffraction (SAED) pattern which further
conﬁrmed the cubic phase of the synthesized ZnS NCs. The three
circular rings are appearing as a result of diffraction from (111),
(220), and (311) planes of cubic phase of ZnS, as also obtained ear-
lier from XRD studies. High resolution TEM image of S1 sample,
shown in the inset of Fig. 5(a), shows the appearance of latticetal points and lines have been drawn to show the trends of variation of the data. (b)
ar ﬁtting to the experimentally observed data (symbols).
Fig. 5. (a) A representative TEM micrograph for S1 un-annealed sample. Inset
shows the SAED pattern. The lattice fringes with interplanar spacing of 3.11 Å are
clearly seen. (b) Shows the corresponding particle size distribution. Solid curve is
the ﬁtted one with log-normal distribution.
Fig. 6. Differential scanning calorimetry (DSC) curve of the un-annealed samples.
Fig. 7. XRD pattern of the annealed samples. All the curves have been rescaled to
plot together. Here X denotes the wurtzite phase and C denotes the cubic phases.
The inset shows Gaussian ﬁtting of the highest intensity XRD peak of annealed S1
sample, viz., in the scan range of 25–32. The red (solid) line denotes the
theoretical Gaussian ﬁtting of the experimentally obtained (black solid line) XRD
pattern. The blue (dotted) line denotes individual Gaussian ﬁtting for the hexagonal
and cubic phases.
Table 2
The annealing temperatures and phase-composition of the annealed samples.
Sample name Annealing temperatures (C) Phase composition (%)
Cubic Hexagonal
S1 244 74 26
S2 246 75 25
S3 249 77 23
S4 255 75 25
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crystalline planes of cubic ZnS NCs. Particle size distribution is cal-
culated by analysing the TEM image and it is shown in Fig. 5(b).
From Fig. 5(b) it is seen that S1 sample consists of particles withnarrow particle size distribution. As the particle size distribution
is asymmetric, in order to get average particle size, the particle size
distribution is ﬁtted with log-normal distribution which is shown
as solid line in the Fig. 5(b). The calculated average radius obtained
from TEM image analysis is about 1.6 nm which is nearly the same
as that obtained from UV–Visible absorption spectroscopy and
XRD data analysis.
To ﬁnd out the crystallization temperature of the synthesized
NCs, DSC measurement is performed. In this technique, the differ-
ence in the amount of heat required to increase the temperature of
sample and reference is measured as a function of temperature and
when the sample undergoes a thermal transition such as melting,
oxidation, etc. more or less heat will need to ﬂow to it than the ref-
erence to maintain both of them at the same temperature [23]. By
observing the difference in heat ﬂow between the sample and ref-
erence, we can measure the amount of heat absorbed or released
during such transitions. Fig. 6 shows the DSC curves of the NCs
where the difference in heat ﬂow between the sample and the ref-
erence is plotted against temperature. Two peaks are noted in the
DSC curve. The ﬁrst peak is due to dehydration because it appears
at around 100 C and it has an endothermic effect. The second peak
is due to crystallization because it has an exothermic effect. From
Fig. 6, the calculated Tc values are 244, 246, 249, and 255 C corre-
sponding to S1, S2, S3, and S4 samples i.e. with increasing pH val-
ues, the Tc shifts to a higher value. All the samples are then
annealed in air at the rate of 10 C/min for 1 h and kept for 2 h at
the corresponding Tcs. Then the samples are cooled at the rate of
Fig. 8. PL emission spectra of all the samples, (a) Corresponds to before annealing, (b) Corresponds to after annealing. The Gaussian ﬁtted PL spectra of unannealed and
annealed S3 samples are shown, respectively in the insets of (a) and (b). In the insets, the dashed curves (red colour) show the theoretical Gaussian ﬁtting of experimentally
obtained curves (black line) and the dotted curves (blue colour) show the individual Gaussian ﬁtted curves. Different transition leading to PL emissions is also shown in the
inset (top portion) of Fig. (a). (c) Shows the variation of peak PL intensity as a function of pH. Here symbols are experimental points and lines are drawn to show the trends of
variation of the data.
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tions. A mufﬂe furnace (Metrex Scientiﬁc Instruments (Pvt.) Ltd.,
New Delhi, India) has been used for annealing experiment and
the temperature of mufﬂe furnace is maintained and controlled
by a digital temperature controller (Thermotech TIC-4000) work-
ing in conjunction with thermocouple placed in the hot zone.
To determine the phase of the annealed samples XRD data are
taken for all the samples and those are presented in Fig. 7. The
experimentally obtained XRD data are compared with the standard
data (JCPDF 80-0020 for cubic ZnS and 75-1534 for hexagonal ZnS)
and it is found that in addition to cubic phase, wurtzite phase is
also present in all the annealed samples. From Fig. 7, it is seen that
the XRD peaks are appearing at 2h values of 28.51, 47.61, and
56.46 due to reﬂections from (111), (220), and (311) planes of
cubic ZnS (marked as C), respectively. Moreover, XRD peaks are
appearing at 2h values of 27.09, 34.01, and 39.41, respectively
due to reﬂections from (100), (200), and (102) planes of hexago-
nal ZnS (marked as X). The highest intensity XRD peak of all the an-
nealed samples has been ﬁtted with the best Gaussian ﬁtting and it
is shown in the inset of Fig. 7 viz. for annealed S1 sample. From the
inset of Fig. 7 the presence of a peak due to hexagonal phase in
addition to the cubic phase peak is clearly found. The calculated
values of lattice parameters for all the annealed samples by using
the XRD peak (X) data are approximately a = b = 0.375 nm and
c = 0.638 nm. The phase compositions of the samples are also cal-
culated from the integrated intensities of the most intense (ﬁrst)
XRD peak by using the following formula [12,17,21],Ca
Cb
¼ Ia
Ib
; ð5Þ
where Ca, Cb denote the fraction of wurtzite and cubic phases pres-
ent in the samples and Ia, Ib represent the integrated peak intensi-
ties of the wurtzite and cubic phases, respectively. The calculated
amounts of hexagonal and cubic phases present in the annealed
samples are summarized in Table 2.
Fig. 8(a) and (b) shows thePLemission spectraof theun-annealed
and annealed samples, respectively, at an excitation wavelength of
330 nm. As shown in Fig. 8(a) and (b), the PL emission spectra are
broad and cover the entire visible regionwithmultiple peaks. Differ-
ent researchers have reported band-edge PL emission at 340 nm,
defect related PL emissions at 445 and 486 nm, a green PL band at
535 nm, etc. from ZnS NCs, nanorods, nanowires, nanobelts,
etc.[24–31]. Denzler et al. [25], Becker et al. [26], and Dunstan
et al. [27] studied PL emissions from ZnS nanoclusters and nanocol-
loids. Kumbhojkar et al. [28] have reported UV emission at 363 nm
assigned to sulphur dangling orbitals residing on the nanoparticles’
surface, PL emission at 560 nm is assigned to elemental S species on
the surface of ZnS nanoparticles [12], Sapra et al. [6] reported PL
emission at 425 nm due to de-excitation of the defect states. To ﬁnd
out the various states responsible for PL emission, experimentally
measured PL spectra are ﬁtted with Gaussian ﬁtting. From the
Gaussian ﬁtting of the measured PL spectra it is found that the PL
spectra contain three peaks at 445, 486, and 520 nm. Gaussian ﬁtted
PL spectra of unannealed and annealed S3 samples are shown in the
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sion peak observed at 445 nm in our samples is associated with
the interstitial zinc (Izn) lattice defect, the peak at 486 nm is attrib-
uted to sulphur vacancy (Vs) and the green PL peak at 520 nm in this
work is assigned to zinc vacancy (Vzn) defect states [24–30]. A sche-
matic diagram of various transitions leading to the observed PL
emission is shown in the inset of Fig. 8(a). Also, it is found that the
maximumPLemission intensity increaseswith increasingpHvalues
of the growth solution. At lower pH value of the growth solution, the
less PL emission is due to surface dissolution of the ZnS NCs, which
introduces quenching sites at the surface. With higher pH values,
theNC sizes increase leading to a decrease in surface to volume ratio
of theNCs. Therefore, luminescence quenching sites at the surface of
NCs become less which leads to less non-radiative recombination at
the surface states and PL intensity enhanced [31]. A similar observa-
tion was reported earlier in CdS NCs prepared in different pH values
of the growth solution [19]. Previously, Aumer et al. [32] have stud-
ied the effects of tensile and compressive strain on the luminescence
properties of AlInGaN/InGaN quantum well structures and found
that PL emission intensity decreases with increasing tensile and
compressive strain and it is maximum under unstrained condition.
Inour case, the compressive strain is reducedwith increasingpHval-
ues as discussed earlier and so this decreasing strain is speculated as
another reason for enhancement in PL emission intensity. It can be
seen fromFig. 8(c) that, PL emission intensities of the annealed sam-
ples are further enhanced compared to that of corresponding un-an-
nealed samples. This enhancement in PL emission of the annealed
samplesmight have taken place due to improvement in crystallinity
of the samples [15].
4. Conclusions
Cubic phase of ZnS NCs, is synthesized by the simple chemical
precipitation method at room temperature with different pH val-
ues of the reaction mixture. The average size of the as prepared
NCs is found to be increased with increasing pH values of the reac-
tion mixture. The DSC study shows that crystallization tempera-
ture (Tc) increases with increasing pH value. After isochronal
annealing of each sample for 2 h at corresponding Tc, it is found
from XRD data analyses that cubic to hexagonal phase transforma-
tion (25%) has taken place at a very low temperature of 250 C,
which is 1/4th of 1020 C, cubic–hexagonal phase transition tem-
perature of bulk ZnS. In the un-annealed samples, maximum PL
emission intensity increases with increasing pH value and this is
attributed to the increasing particle sizes and decreasing strain
present in the samples. In annealed samples, the maximum PL
emission intensity increases than that of un-annealed samples
and this may be due to the improved crystallinity of the annealed
samples. In this report, the starting material i.e. the cubic phase of
ZnS NCs is prepared through a simple method and highly lumines-
cent wurtzite phase of ZnS NCs with improved crystallinity is
obtained by annealing to relatively low temperatures, reducingthe cost of processing. Thus, the synthesized samples may be very
much useful in designing future luminescent devices.
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